The magnetocaloric effect is observed in the 1:1:1 compound ErRhSi, which is a metamagnet is reported in this paper. ErRhSi crystallizes in the orthorhombic space group Pnma, adopting the TiNiSi structure type, with lattice parameters a(Å ) ¼ 6.7903(5), b(Å ) ¼ 4.1881(3), and c(Å ) ¼ 7.3847(4). Our magnetic measurements confirm an antiferromagnetic phase transition at T N % 8.5 K, also supported by the specific heat measurement. Crystal field effects of Er 3þ are suggested by the inverse magnetic susceptibility data which do not conform to an ideal CurieWeiss behaviour and also by the total entropy that attains Rln (2) at T N . Although the magnetic hysteresis indicates ErRhSi to be a soft magnet, several clear metamagnetic features are observed at 2 K. Magnetic entropy change DS M ¼ À 8.7 J/kg-K is observed at about 9 K with the application of 5 T magnetic field. The corresponding adiabatic temperature change DT ad is about 4 K. Large magnetocaloric effects suggest that this material is suitable for the low temperature magnetic refrigeration. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Magnetic refrigeration based on the magnetocaloric effect (MCE) is an alternative to conventional gas compression refrigeration due to its higher efficiency and ecofriendly procedure. [1] [2] [3] [4] The key indicators for the performance of magnetic cooling materials are the isothermal magnetic entropy change, DS M , and the adiabatic temperature change, DT ad , under applied magnetic fields. Several magnetic alloys have been recently reported with high MCE values; among them, rare earth based intermetallics with negligible thermal and hysteresis loss are of particular interest for practical applications. [5] [6] [7] [8] [9] In order to improve the application of magnetocaloric cooling, efforts have been channeled into exploring advanced magnetic materials that are applicable to magnetic refrigeration, space science, and liquefaction of hydrogen and helium. [10] [11] [12] Magnetic refrigeration at liquid He temperatures is indeed of interest especially in space, medical, and other cryogenic applications as it would lead to substantial cost reduction compared to conventional liquefiers. 13 One class of materials that are ideally suited for MCE applications of this kind are the alloys with first-order phase transitions. However, significant hysteresis effects reduce their applicability. Hence, it is interesting to search for materials that show a compromise between magnetic phase transitions and low hysteresis effects in order to enhance the MCE.
In this paper, we report the results on magnetic investigations on the 1:1:1 compound ErRhSi with the focus of testing its MCE properties. Some of the RTX [R ¼ rare earth, T ¼ transition metal, X ¼ Si, Ge] compounds are reported to show excellent MCE properties. [14] [15] [16] One such compound of recent interest is ErRuSi which was found to order ferromagnetically at 8 K through a first-order transition displaying a giant low-field MCE (15.2 J/kg-K at 2 T). 15 The giant MCE was attributed to the combined effect of first-order phase transition from paramagnetic to ferromagnetic phase and the spin fluctuations in the Ru 4d sublattice. ErRhSi is a similar compound whose magnetic structure was investigated through neutron powder diffraction studies and reported as an antiferromagnet (AFM) with a double flat-spiral 17 by one group whereas as a AFM with two magnetic phases-one with a collinear magnetic structure with a propagation vector k ¼ (0, 1 = 2 , 0) and the other by a sine wave modulated structure by another group. 18 Taking into account the possibility of realizing first order phase transitions in ErRhSi, we envisaged an exploration of the MCE in this compound. Our results highlight the MCE and the multiple field-induced metamagnetic features of that material.
II. EXPERIMENTAL DETAILS
A polycrystalline compound of ErRhSi was synthesized by an arc melting method in a water-cooled Copper hearth in a static Argon atmosphere in an Edmund Buehler arc furnace. The elements Er (99.9%), Rh (99.9%), and Si (99.99%) were used as starting elements and melted by taking the stoichiometric ratio. The melted ingots were flipped over and re-melted several times. The as-cast samples were sealed in an evacuated quartz tube and annealed for 1 week at 800 C followed by furnace cooling. The powder x ray a)
Author to whom correspondence should be addressed. diffraction pattern at room temperature was recorded on a pulverized sample using a Philips X'Pert powder diffractometer which employs Cu K-a radiation. Magnetic measurements were performed in the temperature range of 2-300 K and field range of 0-7 T using a SQUID Magnetic Property Measurement System (MPMS) from Quantum Design Inc., San Diego. A Physical Property Measurement System (PPMS) from the same manufacturers was used for the measurement of specific heat.
III. RESULTS AND DISCUSSION
A schematic of the crystal structure of ErRhSi in Pnma space group as projected onto the ac-plane is presented in Fig. 1 . ErRhSi crystallizes in the TiNiSi structure type which has three dimensional four-connected anionic networks with cations sitting in two channels of Si (where one is occupied by R and the other by T) aligned along [010] . It can be seen that two-dimensional sheets of edge-sharing six membered rings running perpendicular to the a-direction compose the TiNiSi networks. 19 The powder diffraction data obtained for pulverized samples of ErRhSi are presented as black symbols in Fig. 2 . The diffraction data were analyzed using the Rietveld method 20 with the software FullProf. 21 A reasonable agreement was obtained using the structural model Pnma to fit the experimental diffraction data and to confirm the TiNiSi structure type. The temperature dependence of the zero field-cooling (ZFC) and field-cooling (FC) magnetization for ErRhSi under 0.05 T applied field is shown in Fig. 3 . A phase transition is evident at T N % 8.5 K. There is no bifurcation between the ZFC and FC curves in the whole temperature region of measurement. The magnetization curves, M(T), measured at applied fields from 0.5 T to 5 T are presented in Fig. 4 . The phase transition is evident at T N % 8.5 K in fields up to 0.5 T, while becoming somewhat suppressed in higher fields. Upon increasing the value of applied magnetic field, the peak at the phase transition is diminished and finally vanishes at 5 T. However, at 1.5 T, two anomalies are observed in M(T) accompanied by a plateau-like region in-between, which is shown in the inset of Fig. 4 . It is shown later that this value of magnetic field corresponds to the critical field where the first metamagnetic-like step occurs in the M(H) curve at 2 K.
The isothermal magnetization curve of ErRhSi at 2 K is presented in Fig. 5 . Notable features include sharp multiple metamagnetic-like steps especially at %1.5 T and %4.1 T and the hysteresis loop observed on the first quadrant of the hysteresis. Such metamagnetic features are not reported in previous reports on ErRhSi, which incidentally were concerned about elucidating the magnetic structure through neutron diffraction. 17, 18 In order to see details of metamagnetic behaviour, field derivative magnetization is shown in the inset of Fig. 5 . A two-step metamagnetic process is evidenced from the two peaks in the derivative curve. Metamagnetic transition at 2 K is observed [22] [23] [24] for the compounds PrCuSi and Ce(Ga 1-x ,Al x ) 2 with x ¼ 0.1 and 0.5, respectively.
In Fig. 6 , the isothermal magnetization curves in the temperature range of 3-20 K are presented. Above 2 K, the metamagnetic features are absent in ErRhSi. This could indicate that the magnetic structure at 2 K is different from that immediately below the T N . This fact is indeed supported by the neutron diffraction results that showed a change in the magnetic structure below T N . 18 Previous preliminary neutron diffraction study 18 on the ErRhSi compound suggests that at 1.5 K, the commensurate magnetic phase with k ¼ (0, 1/2, 0) coexists with the incommensurate one with k ¼ (0, 0.418, and 0). With the increase of the temperature, the commensurate phase disappears at 2.3 K. The crystalline electric field effects due to Er 3þ were clearly observed as a Schottky-like peak leading to a magnetic instability at low temperature. A similar change of magnetic structure is observed in a number of rare earth intermetallic compounds. [25] [26] [27] It is anticipated that the co-existence of commensurate and incommensurate phases may be responsible for the appearance of the two-step metamagnetic process in the ErRhSi compound. As this metamagnetic process is really interesting and has abnormal behaviour, a re-investigation of the magnetic structure of ErRhSi is highly desirable by neutron diffraction study.
The magnetic susceptibility, v(T), was fitted with a modified Curie-Weiss law in the temperature region 9-300 K following the expression v(T) ¼ v 0 þ C/(T À h p ) and is presented in Fig. 7 , where v 0 is the temperature independent term and h p is the Curie-Weiss temperature. The evaluated value of effective magnetic moment is l eff ¼ 9.97 6 0.02 l B , v 0 ¼ 10.35 6 0.06 Â 10 À3 emu/mol, and h p ¼ À9.0 6 0.1 K suggestive of antiferromagnetic correlations. The observed l eff is larger than the moment of free Er 3þ , which is 9.59l B which suggests that the magnetic interaction in this compound is not only due to the rare earth ion but also there are contributions from the moment on Rh and from the effects of spin polarization of conduction electrons by the Er moment. The specific heat C p (T) of ErRhSi measured at zero applied field as well as in applied magnetic fields 1, 3, and 5 T is presented in Fig. 8 . The magnetic phase transition at T N % 8.5 K observed in M (T) is reflected in C p (T) as a sharp peak. The k type peak at T N is associated with the occurrence of the long-range magnetic order. It is well accepted that the mean field theory predicts a k type anomaly of specific heat at T N with the occurrence of the long-range antiferromagnetic order. [28] [29] [30] According to the mean field theory, 29,31 a fundamental distinction in the jump height of the specific heat at transition temperature exists between equal-moment (EM) and amplitude-modulated (AM) systems. With regard to the EM system, the calculated theoretical magnitude of the jump in AM systems is strongly reduced (only 2/3 of magnitude in EM). The presence of a k-like anomaly at T N (as shown in Figure 6 ) reflects that the magnetic structure has a long period in the ErRhSi compound. The jump height at T N DC p ¼ 8.4 J/mol K indicates that the magnetic structure is amplitude modulated which agrees well with the conclusion from the neutron study. 18 According to Ref. 31 , two different types of magnetism ordering can be distinguished as (1) equal moment (EM) systems and (2) amplitude modulated (AM) systems. For the EM system, the magnetic moments are the same on all sites while for the AM system the magnetic moment amplitude varies periodically from one site to another. Based on the mean field theory, the jump in heat capacity from magnetic contribution at transition temperature that can be predicted for an AM system is only 2/3 of the jump height for an EM system. However, due to the presence of crystal electric field effects (CEFs) of Er 3þ and the fact that the model described in Refs. 30 and 31 is for the systems without considering the presence of CEF, it is impossible to calculate theoretically the jump heat of specific heat DC for ErRhSi. A similar case exists for the Er 2 NiSi 3 compound where the CEF of Er 3þ is present. 30 Based on the available specific heat and neutron results, it is found that the DC around transition temperature is derived to be 11.3 J/mol K for the EM-type ErRuSi 15, 32 while the values of DC are 6.0 J/mol K and 9.1 J/mol K for the AM-type ErNiSi 33, 34 and ErPtGa, 35, 36 respectively. For the compounds including Er 3þ , it can be concluded that the above conclusion is still valid that the jump of specific heat around transition temperature for the AM system is significantly smaller than that for the EM system. So, the jump height of DCp ¼ 8 .4 J/mol K at T N (smaller than the EM system such as -ErRuSi) indicates that the magnetic structure of the ErRhSi compound is amplitude modulated, which agrees well with the conclusion from the previous neutron study. 18 The peaks become less acute in applied magnetic fields and finally are suppressed at 5 T. It can be seen from the inset (b) of Fig. 8 that the peak temperature shifts, which marked the antiferromagnetic ordering temperature (confirmed by the neutron study), gradually towards lower temperature with increasing values of magnetic field.
The inset (a) of Fig. 8 represents the plot of C p (T)/T versus T 2 in order to estimate the value of c representing the contribution of electrons to specific heat. The upturn in C p /T vs. T 2 observed at low temperatures is related to the magnetic phase transition. The equation
2 was used to fit the data plotted in the inset (a) of Fig. 8 . For the nonmagnetic systems 37, 38 or the systems without magnetic phase transition 39, 40 occurring at low temperatures where the magnetic contribution becomes small, the heat capacity can be described
, where cT represents the electronic contribution and bT 3 comes from the photon contribution. [37] [38] [39] [40] The values of c and b can be derived straightforward from fitting the low-temperature range data (normally below 10 K) as described in many systems. [37] [38] [39] [40] However, based on this fact, in the current system ErRhSi, there are two magnetic phase transitions below 10 K according to previous neutron diffraction investigation 18 and our magnetic study here. So, due to the larger magnetic contribution to the heat capacity at lower temperature (below 10 K), it is difficult to derive the electronic heat capacity coefficient c and Debye temperature h D using the low-temperature range data as being used in other systems where the magnetic phase transition occurs at much higher temperature. 39, 40 In order to avoid the influence from the magnetic term, we try to use the slightly higher temperature range data (20 -30 K) , 41 RPdIn 42 (c ¼ 13.9, 13.1, 6.8, and 12.6 mJ/mol-K 2 for LaPdIn, CePdIn, PrPdIn, and NdPdIn, respectively). However it is also found that the derived values of c here for ErRhSi are similar to or smaller than the values in Yb-based systems such as YbRhSn (c ¼ 1200 mJ/mol-K 2 ) 43 and YbPdSi (c ¼ 300 mJ/ mol-K 2 ) 44 where a heavy fermion state was confirmed. An estimate of the total entropy S(T) is about 5.14 J/mol K at 8.5 K (by integrating C p /T) (not in the figure), which suggests the presence of a doublet ground state for Er 3þ crystalline electric field levels. When only the magnetic degrees of freedom are considered, the maximum molar isothermal entropy change is determined by the spin multiplicity and is equal to Rln(2Jþ1), where J is the angular momentum of an individual atom. 45 It is well accepted that the crystal field scheme of the Er 3þ ion (with J ¼ 15/2) is expected to have eight well defined Kramers doublets. The estimated total entropy value S(T) at T N (about 5.14 J/mol K at 8.5 K) is almost close to the Rln2 indicating the ground state well separated in energy from other excited levels. 18, 46 The calculated entropy value by Szytuła et al. 18 at T N is about 5.8 J/ mol K, which designates that the crystal field ground state is a doublet well isolated from the next excited levels.
The MCE effect in ErRhSi is probed next, which is calculated as the change in entropy in the material because of an isothermal change in applied magnetic field. 10, 11 In the case of ErRhSi, the isothermal magnetic entropy change is calculated as DS M from the specific heat data using the method prescribed by Pecharsky et al. 47 The maximum values obtained for DS M are 4.1 and 8.7 J/kg-K for magnetic field changes of 3 T and 5 T, respectively, as shown in Fig.  9 (a). Although DS M is a measure of the MCE in the material, the effectiveness of the material as a coolant is established by providing the adiabatic temperature change DT ad . A value of 4 K for applied field of 5 T is obtained in the case of ErRhSi as presented in Fig. 9(b) . From the panel (a) of Fig. 9 , it is clear that the DS M peak broadens asymmetrically towards high temperature on increasing the applied magnetic field. Such a behaviour is observed in systems with firstorder phase transitions, 11 spin-flop transition, 48 and spin fluctuations. 49, 50 These obtained values are comparable to or larger than those of some potential low temperature magnetic refrigerants. [51] [52] [53] This large magnetocaloric effect is suitable for low temperature magnetic refrigeration.
The obtained MCE behaviours here appear to be very similar to the results observed for HoTiGe which were reported by Tegus et al. 54 where an applied magnetic field can easily induce a field-induced transition (from antiferromagnetic to ferromagnetic) with field being applied along the c-axis. The maximum values obtained for DS M in HoTiGe are about 1.9 and 6.8 J/kg-K for magnetic field changes of 2 and 5 T, respectively.
A short description of the magnetic structure of ErRhSi reported in the literature is called for at this point. The specific heat data of ErRhSi presented here confirm the T N at about 8.5 K. From the previous reports, where contradictory magnetic structures are proposed, and the present results of metmagnetic-like steps and MCE, it is very clear that a detailed neutron diffraction study of ErRhSi is warranted in order to clarify the role of metamagnetic transitions in developing a significant MCE.
IV. CONCLUSIONS
To summarize, ErRhSi is an alloy in the 1:1:1 family which crystallizes in the TiNiSi structure type and exhibits an excellent magnetocaloric effect. The compound shows an antiferromagnetic transition at 8.5 K and the magnetization measurements clearly underline the metamagnetic transitions under applied magnetic field. A broad and asymmetric peak is observed for the MCE response which might suggest the underlying first-order nature of the transition and/or the spin fluctuations of the Rh subsystem. The complexity of the magnetic behaviour shown by this compound is mainly due to the fact that the magnetic interactions are governed by magnetic coupling between localized moments via the polarization of the conduction electrons. Moreover, the Debye temperature has been determined and analyzed from the heat capacity. A large magnetic entropy change at low temperature suggests that this material is suitable for the low temperature magnetic refrigeration. 
